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A case in point are hetero-octameric ATP-sensitive
K (KATP) channels critical in the regulation of vital cellular
functions, such as neurohormonal release and cytopro-
tection (Noma, 1983; Ashcroft and Gribble, 1998; Jova-
novic et al., 1998; Bryan and Aguilar-Bryan, 1999; Seino,
1999; Koster et al., 2000). These channels are formed
by association of the pore-forming Kir6.2 subunit and
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the sulfonylurea receptor SUR, an ATP binding cassetteMayo Clinic, Mayo Foundation Guggenheim 7
(ABC) protein (Aguilar-Bryan et al., 1995; Inagaki et al.,Rochester, Minnesota 55905
1995) harboring a recently uncovered intrinsic ATPase
activity (Matsuo et al., 1999; Bienengraeber et al., 2000;
Figure 1A). By virtue of nucleotide-dependent gating,
Summary KATP channels act as metabolic sensors setting mem-
brane excitability in response to oscillations in cellular
ATP-sensitive potassium (KATP) channels are bifunc- metabolism (Ashcroft et al., 1984; Weiss and Lamp,
tional multimers assembled by an ion conductor and 1987; O’Rourke et al., 1994; Terzic et al., 1994a, 1994b;
a sulfonylurea receptor (SUR) ATPase. Sensitive to Shyng et al., 1997; Ueda et al., 1999). It is generally
ATP/ADP, KATP channels are vital metabolic sensors. accepted that channel inhibition by intracellular ATP at
However, channel regulation by competitive ATP/ADP Kir6.2 can be antagonized by replacement of MgATP
binding would require oscillations in intracellular nu- with MgADP at the second nucleotide binding domain
(NBD2) of the SUR subunit (Nichols et al., 1996; Tuckercleotides incompatible with cell survival. We found
et al., 1997; Gribble et al., 1998; Li et al., 2000). Yet, thethat channel behavior is determined by the ATPase-
similar affinity of NBD2 for MgATP and MgADP (Matsuodriven engagement of SUR into discrete conformations.
et al., 2000) suggests that nucleotide competition at theCapture of the SUR catalytic cycle in prehydrolytic
binding site is not solely responsible for KATP channelstates facilitated pore closure, while recruitment of
regulation in a cellular environment with exceeding ATPposthydrolytic intermediates translated in pore open-
over ADP levels. Therefore, rather than ligand competi-ing. In the cell, channel openers stabilized posthy-
tion per se, an ATPase-driven transition between nucle-drolytic states promoting KATP channel activation. Nu-
otide-liganded states in the NBD2 of SUR may providecleotide exchange between intrinsic ATPase and ATP/
a more effective governance of channel gating (ShyngADP-scavenging systems defined the lifetimes of spe-
et al., 1997; Ashcroft and Gribble, 1998; Matsuo et al.,cific SUR conformations gating KATP channels. Signal 1999; Bienengraeber et al., 2000). However, the real rela-
transduction through the catalytic module provides a tionship between conformational rearrangements in the
paradigm for channel/enzyme operation and inte- ATPase cycle and channel gating has not been estab-
grates membrane excitability with metabolic cas- lished.
cades. Coupling of discrete conformations in the SUR cata-
lytic cycle with channel gating was solved using nucleo-
Introduction tide trapping procedures in conjunction with current re-
cording to monitor in real time the outcome of ATPase
Traditionally, channels have been recognized as passive transitions on channel behavior. Capture of intermedi-
conduits for ion permeation regulated by membrane po- ates was achieved using -phosphate (Pi) analogs, or-
tential, ligand binding, or covalent modification (Miller, thovanadate (Vi) and beryllium-fluoride (BeFx), which
1992; Jan and Jan, 1997; Hille et al., 1999; Clapham, readily undergo changes in coordination geometry and
1999). The recent discovery of bifunctional protein com- stabilize the ATPase cycle in distinct conformations (Se-
plexes that combine enzymatic and ion conductance nior and Gadsby, 1997; Ajtai et al., 1999; Kerr et al.,
properties raises the possibility of a novel principle in 2001):
channel regulation (Gadsby and Nairn, 1999; Banfi et
E  MgATP ↔ E*·MgATP ↔ E**·MgADP·al., 2000; Bienengraeber et al., 2000; Gulbis et al., 2000;
Runnels et al., 2001). It is well established that intercon-
Pi ↔ E***·MgADP  Pi ↔ E  MgADP  Piversion of an enzyme through transitional states during
the catalytic reaction governs specialized protein func-
tions (Tesmer et al., 1999; Verkhovsky et al., 1999; Wuite where E is the ATPase molecule and asterisks indicate
et al., 2000). However, linkage between catalysis at the transitional states during ATP hydrolysis (Chabre, 1990;
enzymatic module and ion permeation through the pore Petsko, 2000). Orthovanadate forms a pentavalent pyra-
remains elusive (Gulbis et al., 2000; Ikuma and Welsh, midal structure, like -phosphate in ATP undergoing
2000). In fact, it is unknown whether the channel catalytic hydrolysis (E**·MgADP·PI  E**·MgADP·Vi), and stabi-
property is a remnant of evolution or a true determinant lizes posthydrolytic states (Goodno, 1979; Smith and
of gating amenable to regulation and capable of integrat- Rayment, 1996; Nagata et al., 2000). Prehydrolytic states
ing cellular chemical and electrical events (Jan and Jan, are distinguished using beryllium-fluoride which forms
1992; Gulbis et al., 1999; Runnels et al., 2001). a tetrahedral structure and mimics -phosphate in ATP
prior to hydrolysis (E*·MgATP  E*·MgADP·BeFx; Wer-
ber et al., 1992; Sankaran et al., 1997).1 Correspondence: terzic.andre@mayo.edu
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Figure 1. The KATP Channel Complex Harbors an ATPase Activity Sensitive to -Phosphate Analogs
(A) The KATP channel octamer is formed by association of four pore-forming Kir6.2 with four regulatory SUR subunits. SUR contains nucleotide
binding domains (NBD1 and NBD2) with Walker motifs (A and B) and linker (L) region. A fusion construct containing the Gly1306-Thr1498 region
of NBD2 was engineered.
(B) -phosphate analogs inhibit the ATPase of NBD2. The ATPase activity in the NBD2 fusion construct of the cardiac SUR2A isoform was
visualized through generation of [32P]Pi from [-32P]ATP, and analyzed by thin layer chromatography followed by autoradiography with an
image analyzer. Blank: no protein; MBP: maltose binding protein alone; NBD2: fusion construct in the absence and presence of orthovanadate
(ortho-V; 0.2–1 mM) or beryllium-fluoride (BeFx; 1 mM).
(C) Concentration-dependence of ortho-V inhibition of the NBD2 ATPase. Data points were calculated relative to the ATPase activity measured
in the absence of ortho-V. Solid curve is a Hill plot (Ki 273 M, h  0.9). BeFx-induced inhibition is presented at 1 mM.
We establish that conformational transitions in SUR graeber et al., 2000), was estimated at 78.4  4.0 nmol
govern KATP channel opening and closing and form an Pi/min/mg (n  9; Figure 1B). Orthovanadate (1 M to
internal signaling system driving channel gating. Re- 1 mM) suppressed the NBD2 ATPase activity in a con-
cruitment of SUR in a specific transition state was modu- centration-dependent manner, with half-maximal inhibi-
lated by channel regulators and integrated with cell me- tion achieved at 273  12 M (n  3–9; Figure 1C). The
tabolism through nucleotide exchange with cellular distinct -phosphate analog, beryllium-fluoride, also in-
phosphotransfer. Assigning to the channel catalytic hibited the ATPase of NBD2. The NBD2 ATPase activity
module a role in coupling ion permeation with intracellu- was reduced to 17.1  2.9 (n  9) and 4.5  1.8 nmol
lar enzymatic pathways identifies a novel principle in Pi/min/mg (n 3) by 1 mM orthovanadate and beryllium-
the regulation of cellular excitability and defines an oper- fluoride, respectively. Thus, -phosphate analogs, es-
ational paradigm for channel/enzyme multimers. tablished tools to trap magnesium nucleotides in cata-
lytic sites of ATPases, effectively suppressed the ATPase
activity in the NBD2 of the sulfonylurea receptor.Results
Trapping of MgADP in a PosthydrolyticArrest of the NBD2 ATPase
Conformation of the NBD2 ATPase Cycleby -Phosphate Analogs
Governs Positive KATP Channel GatingThe ATPase activity of the recombinant second nucleo-
tide binding domain (NBD2) of the cardiac sulfonylurea Arrest of the ATPase cycle with orthovanadate was as-
sociated with reversal of ATP-induced KATP channel inhi-receptor (SUR2A), purified as a fusion protein (Bienen-
SUR ATPase Cycle Gates KATP Channels
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Figure 2. Opening of KATP Channels by Orthovanadate (Ortho-V) Requires Magnesium and an Intact NBD2 of SUR
(A) Vigorous opening of native KATP channels in cardiomyocytes, visualized as downward deflection relative to the zero current level (dotted
line), was readily inhibited by ATP (0.5 mM). Ortho-V reversed ATP-induced channel inhibition. The effect of ortho-V was sustained on washout,
and was inhibited (by 96  3%) with glyburide (n  4), a sulfonylurea receptor antagonist.
(B) Ortho-V activated native KATP channels in the presence, but not absence of Mg2.
(C) Ortho-V also activated recombinant wild-type (w.t.) Kir6.2/SUR2A channels expressed in COS-1 cells (upper trace). Mutation of aspartate
to asparagine (D1470N) in the NBD2 Walker B motif of SUR2A prevented the effect of ortho-V on KATP channel opening (lower trace). Channel
record in (A) is from an open cell-attached patch configuration, and in (B) and (C) from inside-out patches.
(D) N-ethylmaleimide (NEM), which covalently modifies cysteine residues in NBD2, reduced the ATPase activity of NBD2 fusion protein
constructs, measured as hydrolysis of -labeled [32P]ATP.
bition leading to vigorous channel opening (Figure 2A). et al., 2000), abolished the effect of orthovanadate on
KATP channel gating (Figure 2C). Orthovanadate-inducedAt 30C, in the presence of 0.5 mM ATP, orthovanadate
produced 86  12% (n  13) of maximal KATP channel nucleotide trapping in ABC proteins is prevented by the
sulfhydryl-modifying reagent N-ethylmaleimide (NEM;activity measured at zero ATP. This effect was not imme-
diate and required 8.8  0.9 min, a time course charac- Takada et al., 1998). NEM (0.1–1.0 mM) inhibited the
ATPase of NBD2 (Figure 2D) and blocked orthovana-teristic for orthovanadate-induced stabilization of tran-
sition states in ATPase cycles (Goodno, 1979; Werber date-induced KATP channel opening (n  5; not illus-
trated). Preventing intrinsic ATPase cycling, by replace-et al., 1992; Sankaran et al., 1997). Consistent with the
temperature-dependence of the ATPase reaction rate ment of ATP with nonhydrolyzable analogs, diadenosine
pentaphosphate (n  3, Figure 3A; Jovanovic et al.,(Sankaran et al., 1997; Nagata et al., 2000), lowering the
temperature (to 20C) precluded (for 20 min) the effect 1996) or AMP-PNP (n 7; Figures 3B and 3C), precluded
orthovanadate-induced KATP channel opening. Thus, anof orthovanadate on channel opening (n 5; Nakashima
et al., 1993; Shyng et al., 1997; Proks et al., 1999). intact NBD2 ATPase function is required for recruitment
of a transitional conformation associated with reducedDivalent cations, essential cofactors in the ATPase
reaction, are necessary for coordination of trapped nu- sensitivity of KATP channels toward ATP.
Polymerization of orthovanadate prevents replace-cleotides at the catalytic site (Peyser et al., 1996). Ortho-
vanadate failed to activate KATP channels in divalent cat- ment of -phosphate at the active site of ATPases
(Stankiewicz et al., 1995). Although the oligomer decava-ion-free milieu (n  5; Figure 2B). Supplementing Mg2
(Figure 2B) or Mn2 permitted orthovanadate to act. A nadate can activate KATP channels (Figure 3D; Naka-
shima et al., 1993), this involves interaction with SURpoint mutation in a Walker motif of SUR, D1470N, which
prevents coordination of magnesium at the catalytic site outside of the NBDs (Proks et al., 1999), occurs immedi-
ately and is maintained in AMP-PNP at 91%  6% (n and decreases ATPase activity in NBD2 (Bienengraeber
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Figure 3. Orthovanadate Stabilizes the MgADP·Vi Complex at SUR Associated with KATP Channel Activation
(A) Replacing ATP with diadenosine pentaphosphate (P1,P5), which inhibits KATP channels but is not a substrate for hydrolysis, prevented
activation of native cardiac KATP channel by orthovanadate (ortho-V).
(B) Ortho-V activated ATP-inhibited cardiac KATP channels in the presence of oligomycin (1 g/ml), excluding involvement of mitochondrial
F1F0-ATPase. AMP-PNP, a nonhydrolyzable ATP analog, reversed ortho-V mediated KATP channel activation.
(C) Effects of 1 mM ortho-V (n  7) and 1 mM decavanadate (deca-V; n  4) on cardiac KATP channel activity in AMP-PNP (0.5 mM) relative
to channel activity in the absence of the nucleotide.
SUR ATPase Cycle Gates KATP Channels
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3; Figure 3C). Decavanadate did not affect the ATPase inhibition of both native and recombinant KATP channels
(Figures 4D and 4E). The inhibitory effect of MgADP·BeFxactivity of NBD2 which was 81  5 and 73  6 nmol Pi/
min/mg in the absence and presence of 1 mM decavana- required not only the divalent cation, but also an intact
NBD2 ATPase as it was abolished by the D1470N muta-date, respectively (n 3; Figure 3E). Thus, it is orthovan-
adate, and not its oligomeric form, that regulates KATP tion in SUR (Figures 4D and 4F). Thus, stabilization of
SUR*·MgADP·BeFx, a prehydrolytic conformation (SUR*·channel gating through the NBD2 ATPase cycling at the
SUR channel subunit. MgATP), was associated with enhanced closure of the
KATP channel defining negative channel gating.By replacing Pi, liberated in the ATPase reaction, or-
thovanadate forms with ADP the MgADP·Vi complex at
the catalytic site (Urbatsch et al., 1995, Sankaran et
al., 1997). Scavenging ADP, by the creatine phosphate- ATPase Cycle and KATP Channel Regulation
by Potassium Channel Openersactivated creatine kinase (ADPCrP↔ATPCr, where
CrP, creatine phosphate and Cr, creatine), abolished Potassium channel openers (KCO) are powerful KATP
channel activators that bind to SUR (Schwanstecher etorthovanadate-induced KATP channel activation (Figures
3F and 3G). Accordingly, removal of ADP by the creatine al., 1998; Hambrock et al., 1999; Ashcroft and Gribble,
2000; Moreau et al., 2000) and modulate channel ATPasekinase/creatine phosphate system also reversed ortho-
vanadate-induced inhibition of the NBD2 ATPase activ- activity (Bienengraeber et al., 2000). It has been pro-
posed that KCO stabilize SUR in a MgADP bound stateity (Figure 3H). Conversely, replacing ATP by ADP, in the
presence of the ADP-regenerating hexokinase system, (Shyng et al., 1997; Gribble et al., 1998). The mechanism
of KCO action remains partially defined. Having estab-facilitated formation of the MgADP·Vi complex produc-
ing KATP channels insensitive to ATP (Figure 3I). In gen- lished -phosphate analogs as useful tools to dissect
transitions associated with KATP channel gating, weeral, the presence of ADP accelerated orthovanadate-
mediated antagonism of ATP-induced KATP channel inhi- probed the molecular pharmacodynamics of pinacidil, a
prototype KCO (Terzic et al., 1995). Arrest of the ATPasebition, whereas removal of ADP or mutation of aspartate
(D1470N) in the Walker B motif, which coordinates mag- cycle, by beryllium-fluoride in a prehydrolytic transition
state, prevented pinacidil-induced KATP channel activa-nesium ion and is required for nucleotide binding,
prevented orthovanadate-induced channel activation tion (Figure 5A). Release of the beryllium-fluoride stabi-
lized conformation, on removal of the -phosphate ana-(Figure 3J). Thus, formation of SUR**·MgADP·Vi, a post-
hydrolytic transition state, translated into positive gating log, permitted pinacidil to induce KATP channel activation
(Figure 5A). Trapping the ATPase cycle in a posthy-characterized by a reduced sensitivity of KATP channels
to ATP. drolytic conformation by orthovanadate did not prevent,
but rather potentiated, the effect of the KCO (Figure 5B).
The efficacy of pinacidil, lost during blockade of theCapture of a Prehydrolytic Conformation
in the NBD2 ATPase Cycle Induces ATPase cycle by the nonhydrolyzable AMP-PNP, was
rescued with bypass of inhibited hydrolysis by supplyingNegative KATP Channel Gating
In contrast to orthovanadate, beryllium-fluoride did not the ATPase product, MgADP (Figure 5C). On its own,
MgADP was unable to promote channel opening in theantagonize ATP-induced KATP channel inhibition (Figures
4A–4C). Lack of channel activation could not be attrib- presence of submillimolar levels of AMP-PNP. The ob-
served KATP channel activation can be ascribed to pinaci-uted to an inhibitory effect of beryllium-fluoride per se,
which alone, in the absence of magnesium and nucleo- dil-induced stabilization of a MgADP-bound posthy-
drolytic conformation (Figure 5D). By stabilizing MgADPtides, did not inhibit KATP channel activity (Figure 4B).
Thus, beryllium-fluoride which arrests the ATPase cycle at the catalytic site, a KCO would reduce the potency
of an ADP-scavenging system. Titration of KATP channelin a prehydrolytic conformation (Werber et al., 1992;
Sankaran et al., 1997) did not reduce the sensitivity of activity by the creatine kinase system, in the presence
of 0.15 mM of ATP, revealed an IC50 for creatine phos-KATP channels to ATP, found with orthovanadate induced
ADP trapping (Figure 4C). Rather, channels that are ac- phate of 65  3 M in the absence and 360  71 M
in the presence of pinacidil (n  4; Figures 5E and 5F).tive in the presence of ADP can be inhibited by complex-
ing of beryllium-fluoride with MgADP at SUR. In fact, Thus, KCO-induced KATP channel opening is associated
with engagement of the ATPase cycle into a MgADP-stabilization of MgADP·BeFx, in the presence of an ADP-
regenerating system (glucose/hexokinase), promoted bound posthydrolytic conformation.
(D) In contrast to ortho-V, deca-V-induced opening of cardiac KATP channels was not sensitive to AMP-PNP.
(E) Deca-V did not inhibit ATPase activity of NBD2 constructs, measured as hydrolysis of -labeled [32P]ATP.
(F–G) The ortho-V (1 mM) induced opening of cardiac KATP channels (in the presence of 0.5 mM ATP) was abolished on removal of the ATPase
product, ADP, by intracellular creatine kinase activated using 2 mM creatine phosphate (CrP). The average effect of orthovanadate (Vi) in the
absence and presence of CrP (n  5) is presented as NP0 (N, number of channels; P0, channel open probability).
(H) Creatine kinase (CK; 0.5 mg/ml)/creatine phosphate (CrP; 5 mM) reversed the ortho-V (1 mM) induced inhibition of ATPase activity in
SUR2A NBD2 fusion constructs, measured through generation of [32P]Pi from [-32P]ATP.
(I) ADP, in the presence of the ATP-removing hexokinase system, facilitated ortho-V action on cardiac KATP channels.
(J) Ortho-V induced activation of cardiac KATP channels measured in open cell-attached patches was virtually instantaneous in ADP (1 mM,
plus 10 U/ml hexokinase) reaching saturation in 2 min. In ATP (0.5 mM), with no ADP added, the time course was slower with a half-activation
time of 6.5  0.1 min (slope: 1.54  0.12 min, n  11) obtained by Boltzman’s fit. In inside out-patches from COS-1 cells, recombinant wild-
type Kir6.2/SUR2A channels were activated by ortho-V with a half-activation time of 11.5  0.1 min (slope: 2.16  0.13 min, n  4), whereas
the D1470N mutation in SUR2A generated channels insensitive to ortho-V.
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Figure 4. Beryllium-Fluoride Stabilizes the MgADP·BeFx Complex at SUR to Inhibit KATP Channels
(A) Beryllium-fluoride (BeF2  KF 50 mM  BeFx) did not activate native KATP channels in cardiomyocytes.
(B) BeFx alone, without Mg2 and nucleotides, did not block cardiac KATP channels.
(C) Effect of ortho-V and BeFx on ATP-inhibited KATP channel activity relative to the value obtained in the absence of ATP. Records are from
native cardiac KATP channels in the open cell-attached configuration.
(D) BeFx plus ADP, in the presence but not in the absence of magnesium, inhibited native (n  5) and recombinant (n  3) KATP channels. The
D1470N mutation in SUR2A (n  3) prevented the effect of MgADP·BeFx. Channel activity is presented relative to that measured in the absence
of BeFx and nucleotides. Note that ADP (0.5 mM) alone inhibited around 40% of channel activity (not shown).
(E) In the presence of ADP (plus the ATP-removing glucose/hexokinase system) and BeFx, opening of native cardiac KATP channels was vigorous
(66%  8% of control activity measured in the absence of ADP; n  3) in Mg2-free solution, but virtually absent (9%  3% of control; n 
5) in the presence of magnesium.
(F) The Kir6.2/SUR2A-D1470N mutant, expressed in COS-1 cells, exhibited a blunted response to MgADP plus BeFx. Channel records in (E)
and (F) from open cell-attached and inside-out patches, respectively.
SUR ATPase Cycle Gates KATP Channels
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Figure 5. The Potassium Channel Opener, Pinacidil, Activated Cardiac KATP Channels via a MgADP-Bound Conformation
(A) Activation of KATP channels induced by pinacidil was reversed by addition of beryllium-fluoride (BeF2  KF 50 mM  BeFx; n  4).
(B) Activation of KATP channels by low concentrations of pinacidil (4 M) was enhanced by orthovanadate (ortho-V).
(C–D) Replacing ATP (0.5 mM) by nonhydrolyzable AMP-PNP (0.5 mM) reversed pinacidil-induced KATP channel opening. The effect of pinacidil
(50 M) was restored on addition of ADP (0.25 mM) in the presence of an ATP-scavenging system (i.e., 10 U/ml hexokinase). In the absence
of pinacidil, ADP (plus hexokinase) did not produce KATP channel opening in the presence of 0.5 mM AMP-PNP (n  4).
(E–F) Concentration-dependent inhibition of KATP channel openings (in the presence of low ATP levels) induced by the ADP-scavenging creatine
kinase activated by creatine phosphate (CrP). Pinacidil reduced the potency of the creatine phosphate/creatine kinase system. The IC50
defining CrP-induced KATP channel inhibition increased from 65  3 M in the absence (circles in [F]) to 360  71 M in the presence (squares
in [F]) of the opener (n  4). Parameters were obtained by fitting experimental data with the Hill equation, which revealed no significant change
in the Hill coefficient (2.37  0.21 and 2.24  0.77 in the absence and presence of pinacidil, respectively). All channel records are from open
cell-attached patches.
Cellular Metabolism Regulates ATPase Cycling activity in the NBD2 of SUR (Figure 6C). At 1 mM creatine
phosphate, in the presence of purified creatine kinase,and Associated KATP Channel Gating
Identification of conformations in the ATPase cycle as- the NBD2 ATPase reaction essentially doubled its rate
(Figure 6D). Thus, the intrinsic ATPase activity of the KATPsociated with KATP channel gating raises the question of
their functional role in channel physiology. The intracellular channel can be regulated through nucleotide exchange
with phosphotransfer reactions. Creatine kinase, acti-metabolic messenger, MgADP, suppressed the ATPase
activity of NBD2 (Figure 6A). The effect of ADP in slowing vated by creatine phosphate, efficiently reversed KATP
channel opening induced by stabilization of the MgADP-the rate of ATP hydrolysis was concentration-dependent
with an IC50 at 97  24 M (n  3; Figure 6B). Therefore, bound conformation (Figure 6E). The creatine kinase
reaction also released posthydrolytic conformationscytosolic ADP, which reaches the 100 M range under
metabolic stress (Weiss and Venkatesh, 1993), would be and reversed KATP channel opening induced by distinct
exogenous channel activators, orthovanadate (Figuresufficient to decelerate ATP hydrolysis. In fact, 100 M
MgADP antagonized KATP channel inhibited by 200 M 3F), or potassium channel openers (Figure 5E). Thus, in
the cell, nucleotide flux through creatine kinase sets theATP (Figure 6C) or 200 M AMP-PNP (not shown), indi-
cating that MgADP stabilizes a posthydrolytic conforma- turnover rate of the intrinsic ATPase cycle and regulates
KATP channel gating (Figure 7).tion in the ATPase cycle associated with channel opening.
Moreover, conversion of ATP to ADP at the channel
site can be regulated by the rate of ADP to ATP regenera- Discussion
tion by intracellular metabolism (Dzeja and Terzic, 1998).
One of the most efficient ATP regenerating system in This study establishes a set of conformations in the
ATPase cycle at the regulatory SUR module that gatethe cell is mediated through creatine kinase phospho-
transfer (Dzeja et al., 1999). Here, activation of the cre- the heteromultimeric KATP channel complex. In the ab-
sence of high-resolution structural information for SUR,atine kinase reaction significantly promoted the ATPase
Neuron
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Figure 6. Modulation of the NBD2 ATPase Activity by MgADP and Creatine Kinase
(A) ADP (0.05 to 1 mM) inhibited hydrolysis of -labeled [32P]ATP in NBD2 constructs.
(B) Concentration-dependence of ADP inhibition of the NBD2 ATPase activity (n  5) fitted by Hill equation.
(C–D) Application of creatine phosphate/creatine kinase (CrP/CK) promoted hydrolysis of -labeled [32P]ATP in NBD2 constructs (n  4),
but not in MBP alone.
(E) In inside-out patches, ADP-induced opening of cardiac KATP channels was reversed following application of exogenous creatine kinase
activated by creatine phosphate (n  3).
-phosphate analogs along with direct read-out of chan- and beryllium-fluoride, which revealed distinct confor-
mational transitions stabilized by each of the -phos-nel behavior provided unique tools to identify specific
conformations in the hydrolytic cycle responsible for phate analogs used in the present study (Smith and
Rayment, 1996; Ajtai et al., 1998). Trapping the SURchannel gating. Trapping MgADP at the SUR ATPase
with beryllium-fluoride (SUR*·MgADP·BeFx) mimicked a ATPase by beryllium-fluoride and orthovanadate re-
quired divalent cations, hydrolyzable ATP or externallyprehydrolytic MgATP-bound state and translated in pore
closure (negative channel gating; Figure 7). Recruitment applied ADP, and intact NBD2. Conformations linked
with channel gating were revealed only following arrestof a posthydrolytic MgADP-bound state was accom-
plished by orthovanadate (SUR**·MgADP·Vi), and pro- of sequential discrete steps during hydrolysis. Thus, in
the normally occurring ATPase cycle the short lifetimemoted opening of ATP-inhibited KATP channels (positive
channel gating; Figure 7). This is consistent with X-ray of each SUR transition may not translate into regulation
of channel gating. Yet, the spectrum of conformationalstructural analysis and near-UV circular dichroism spec-
tra of ATPase molecules complexed with orthovanadate intermediates, with different potential outcomes on
SUR ATPase Cycle Gates KATP Channels
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Figure 7. Conformations in the SUR ATPase Cycle Associated with Closure and Opening of KATP Channels
A “bird’s eye view” of the hetero-octameric KATP channel complex, composed of four Kir6.2 pore-forming and four SUR regulatory subunits,
undergoing conformational transitions during the ATPase cycle. Distinct transitional states during ATP hydrolysis can be captured by
-phosphate analogs in the presence of MgADP. Beryllium-fluoride (BeFx) stabilized a prehydrolytic conformation associated with negative
channel gating. Orthovanadate (Vi) stabilized a posthydrolytic conformation associated with positive channel gating. Removal of ADP by
creatine kinase facilitates ATPase cycling, providing cross-talk between the intrinsic channel catalytic activity and cellular enzymatic pathways.
High intracellular levels of creatine phosphate support ADP to ATP conversion at the channel site and promote initiation of the ATPase cycle
keeping KATP channels closed. A drop of intracellular creatine phosphate, as it occurs under metabolic stress, reduces the ability of creatine
kinase to scavenge ADP. This would facilitate stabilization of the MgADP-bound posthydrolytic conformation and KATP channel opening. For
simplicity of this scheme, the ATPase activity is presented as a collective property of the SUR module without ascribing specific functions
to individual nucleotide binding domains. It should be noted, however, that in addition to NBD2, an ATPase activity has been measured at
NBD1, albeit at a much lesser rate (Bienengraeber et al., 2000), and moreover cooperative interaction between the two nucleotide binding
domains in regulating KATP channel gating has been proposed (Shyng et al., 1997; Ashcroft and Gribble, 1998, 2000; Matsuo et al., 2000;
Zingman et al., 2001, Biophys J., abstract).
channel gating, would endow SUR with positive or nega- target this subunit (Schwanstecher et al., 1998; D’hahan
et al., 1999; Moreau et al., 2000). Mutations in Walkertive regulation of ion permeation.
This pluripotent gating property of SUR could, thus, motifs of NBD2, that reduce the ATPase activity, dimin-
ish the efficacy of potassium channel openers to acti-be exploited by prolonging the lifetime of specific con-
formations during the ATPase cycle. In fact, KATP channel vate KATP channels (Shyng et al., 1997; Ashcroft and
Gribble, 2000; Bienengraeber et al., 2000). Here, weregulators, such as potassium channel opening drugs,
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demonstrate that potassium channel openers rely on the (Weiss and Lamp, 1987; O’Rourke et al., 1994; Terzic et
posthydrolytic conformation in the SUR ATPase cycle. al., 1994b; Olson et al., 1996; Dzeja and Terzic, 1998;
Arrest of the ATPase in a prehydrolytic, but not posthy- Bienengraeber et al., 2000; Carrasco et al., 2001). Dis-
drolytic, state prevented potassium channel openers ruption of phosphotransfer genes has been associated
from activating KATP channels. The effect of potassium with aberrant metabolic sensing of KATP channels (Car-
channel openers on KATP channels was abolished by rasco et al., 2001), and more generally with defective
nonhydrolyzable ATP analogs and rescued in the ab- functioning of members of the ABC family, such as the
sence of active hydrolysis by recruitment of a posthy- ProU transporter (Gutierrez and Csonka, 1995).
drolytic conformation with MgADP. In turn, disengagement The ATPase intrinsic to ABC proteins has been pro-
of the posthydrolytic conformation by scavenging ADP posed as a molecular switch between ATP- and ADP-
through the creatine kinase system reversed the effect liganded conformations, and implicated in supporting
of openers (see also Bienengraeber et al., 2000). Thus, specialized cellular functions as diverse as drug trans-
entry of SUR into posthydrolytic conformation plays a port or DNA repair (Higgins, 1992; Hopfner et al., 2000;
permissive role in mediating the action of potassium Lamers et al., 2000; Junop et al., 2001). Although ATP
channel openers. In a normally operating ATPase cycle, hydrolysis has also been implicated as a regulator of
transit through the posthydrolytic state allows potas- chloride conductance through the CFTR channel (Bauk-
sium channel openers to target this conformation. By rowitz et al., 1994), the requirement of free energy in ion
affecting ATPase activity (Bienengraeber et al., 2000), translocation remains controversial (Aleksandrov et al.,
openers stabilize the posthydrolytic MgADP-bound 2000; Ikuma and Welsh, 2000). In contrast to transport-
conformation as demonstrated here by the reduced ef- ers that spend the energy of hydrolysis to transport
fectiveness of the ADP-scavenging system to disengage compounds against a chemical gradient (Holland and
the posthydrolytic conformation in the presence of the Blight, 1999), ion channels allow movement of ions down
opener. Accordingly, the potassium channel opener was an electrochemical gradient. As this does not require
found to maintain MgADP bound to the Kir6.1/SUR2B energy input, the ATPase in channel proteins may not
channel isoform, thereby prolonging channel activity fol- fuel the process of ion permeation, but rather serve
lowing removal of the nucleoside diphosphate (Satoh as an internal signaling system contributing to channel
et al., 1998). Conversely, conformational changes during gating. In fact, the present study demonstrates that
ATP hydrolysis may define the affinity of bound ligands when MgATP is continuously hydrolyzed at NBD2 of
to SUR, as proposed for the ATPase cycle in other ABC SUR, ATP interacting with Kir6.2 in a magnesium-inde-
proteins (Nagata et al., 2000; Sauna and Ambudkar, pendent manner keeps the pore closed. It is only arrest
2000). Specifically, the slow off-rate of openers in the of the SUR ATPase in a posthydrolytic conformation
presence of magnesium nucleotides (Ashcroft and Grib- that antagonizes ATP-induced pore closure. These re-
ble, 2000) suggests that engagement in the posthy- sults may indicate that the energy of hydrolysis is utilized
drolytic conformation may in turn stabilize potassium to support ATP-induced KATP channel inhibition. How-
channel opener binding. ever, this is not the case as channel closure can be
MgADP-dependent stabilization of posthydrolytic induced by arrest of the ATPase cycle in a prehydrolytic
states implicates this endogenous metabolite as a cen- conformation. Rather, the SUR-ATPase generated en-
tral regulator of ATPase cycling. Increased cytosolic lev- ergy is apparently utilized to support transit through the
els of MgADP under metabolic stress (Weiss and Ven- spectrum of conformations required for transmission of
katesh, 1993; Terzic et al., 1994c) would effectively different signals to the channel pore via a single trans-
decelerate ATPase cycling, arresting it in conformational duction pathway. Selection of a specific conformation
transition associated with channel opening. In this way, from the spectrum at the regulatory module would ulti-
nucleotide exchange between the SUR ATPase and in- mately define channel behavior. This is of significance
tracellular enzymatic pathways could couple KATP chan- for a protein complex, such as the KATP channel hetero-nel function with the cellular metabolic status. In the
multimer, which primary role is to serve as a metabolic
cell, the high rate of intracellular creatine kinase flux
“decoder” translating numerous cellular metabolic sig-facilitates disengagement of posthydrolytic conforma-
nals into a specialized membrane electrical response.tions and promotes SUR ATPase cycling (Figure 7).
Here, creatine kinase doubled the rate of ATP hydrolysis Experimental Procedures
at NBD2 and reversed MgADP-induced KATP channel
opening, underscoring a critical role for a phosphotrans- ATPase Activity in NBD2 of the Cardiac
Sulfonylurea Receptorfer reaction in regulating the lifetime of conformational
The second nucleotide binding domain NBD2 (Gly1306-Thr1498) of thetransitions in the ATPase cycle. As a consequence of
cardiac sulfonylurea receptor SUR2A was cloned in-frame with themetabolic stress, creatine kinase flux drops and disrupts
maltose binding protein (MBP) coding sequence in pMal-c2 (New
ADP removal from ATPase sites (Dzeja et al., 1999). At England Biolabs) as described (Bienengraeber et al., 2000; Figure
the channel site, this would suspend the ATPase cycle 1A). NBD2 was expressed in E. coli TB1 induced with 0.1 mM isopro-
in a MgADP-bound state and produce channel opening. pyl--D-thiogalactoside (IPTG), and fusion protein purified by affinity
chromatography on an amylose resin in (in mM) 600 NaCl, 1 EDTA,Efficient integration of the SUR ATPase cycle with cellu-
20 Tris (pH 7.4), and 10% glycerol. ATPase activity of isolated NBD2lar metabolic oscillations is facilitated as phosphotrans-
(10 g) was measured by monitoring production of [32P]Pi from 1fer enzymes are found anchored in the intimate environ-
Ci [-32P]ATP in (in mM) 34 KCl, 8 MgCl2, 50 HEPES (pH 7.4), 4 ATP,ment of the KATP channel complex (Elvir-Mairena et al., and 10% glycerol (1 hr; 37C). Using polyethyleneimine-cellulose thin
1996; Carrasco et al., 2001). Multiple cellular enzyme layer chromatography plates (Sigma), nucleotides were resolved by
systems with different phosphotransfer properties have, ascending chromatography with 0.75 M KH2PO4 and quantified with
a PhosphorImager and ImageQuant software (Molecular Dynamics).in fact, been proposed to converge on KATP channels
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Recording of Native and Recombinant Cardiac KATP Channels state of cardiac ATP-sensitive K channels - Basis for channel open-
ing. J. Gen. Physiol. 111, 381–394.The outcome of conformational transitions in channel proteins was
revealed on-line by monitoring currents through single ion channels. Alekseev, A.E., Kennedy, M.E., Navarro, B., and Terzic, A. (1997).
Patch-clamp recordings were performed in ventricular cardiomyo- Burst kinetics of co-expressed Kir6.2/SUR1 clones: Comparison
cytes dissociated from guinea pig hearts (Alekseev et al., 1998) or of recombinant with native ATP-sensitive K channel behavior. J.
in COS-1 cells transfected (Alekseev et al., 1997) with Kir6.2 and Membrane Biol. 159, 161–168.
SUR2A cDNAs, which encode cardiac KATP channel subunits (Inagaki Ashcroft, F.M., and Gribble, F.M. (1998). Correlating structure and
et al., 1996; Lorenz and Terzic, 1999). Pipettes (7–10 M	) were function in ATP-sensitive K channels. Trends Neurosci. 21,
filled with (in mM) KCl 140, CaCl2 1, MgCl2 1, HEPES-KOH 5 (pH 288–294.
7.3). For the inside-out configuration, cells were superfused with
Ashcroft, F.M., and Gribble, F.M. (2000). New windows on the mech-“internal solution” (in mM): KCl 140, MgCl2 1, EGTA 5, HEPES-KOH
anism of action of KATP channel openers. Trends Pharmacol. Sci. 21,5 (pH 7.3). For the open cell-attached patch, “internal solution” was
439–445.supplemented with glucose (1 g/l), malic acid (5 mM) and pyruvic
Ashcroft, F.M., Harrison, D.E., and Ashcroft, S.J. (1984). Glucoseacid (5 mM). Following seal formation, the open cell-attached config-
induces closure of single potassium channels in isolated rat pancre-uration was obtained by applying digitonin (8 g/ml) through a sec-
atic beta-cells. Nature 312, 446–448.ond pipette (filled with 5 g/ml propidium iodide and 0.5 g/ml
rhodamine). Solution flow was visualized by rhodamine under ultra- Banfi, B., Maturana, A., Jaconi, S., Arnaudeau, S., Laforge, T., Sinha,
violet light, and staining cell nucleus with propidium iodide served B., Ligeti, E., Demaurex, N., and Krause, K.H. (2000). A mammalian
as a criterion for sarcolemmal permeabilization (Bienengraeber et H channel generated through alternative splicing of the NADPH
al., 2000). Experiments were performed at 31C  1C using a tem- oxidase homolog NOH-1. Science 287, 138–142.
perature controller (HCC-100A; Dagan Corporation). Nominally mag- Baukrowitz, T., Hwang, T.C., Gadsby, D.C., and Nairn, A.C. (1994).
nesium-free “internal solution” contained 2 mM EDTA with no MgCl2 Coupling of CFTR Cl- channel gating to an ATP hydrolysis cycle.
added. Channel activity was analyzed as previously described (Alek- Neuron 12, 473–482.
seev et al., 1998; Lorenz et al., 1998).
Bienengraeber, M., Alekseev, A.E., Abraham, M.R., Carrasco, A.J.,
Moreau, C., Vivaudou, M., Dzeja, P.P., and Terzic, A. (2000) ATPase
Preparation of -Phosphate Analogs activity of the sulfonylurea receptor: a catalytic function for the
Sodium vanadate (100 mM; Sigma) was dissolved in water (pH 10) K-ATP channel complex. FASEB J. 14, 1943–1952.
producing decavanadate (deca-V or V10O6
28 ) as the prevalent species Bryan J., and Aguilar-Bryan, L. (1999). Sulfonylurea receptors: ABC
indicated by the yellowish color of the stock solution (Stankiewicz transporters that regulate ATP-sensitive K channels. Biochim. Bio-
et al., 1995). The -phosphate analog, orthovanadate (ortho-V, Vi, phys. Acta 1461, 285–303.
or VO3
4 ) was obtained by boiling the vanadate solution ([pH 10]; 10
Carrasco, A.J., Dzeja, P.P., Alekseev, A.E., Pucar, D., Zingman, L.V.,min), and freshly boiled stock was diluted to final concentration (pH
Abraham, M.R., Hodgson, D., Bienengraeber, M., Puceat, M., Jans-7.3) prior to use. Beryllium fluoride (BeF2), as a 33% stock solution
sen, E., et al. (2001). Adenylate kinase phosphotransfer communi-(Alfa), was dissolved in a buffer solution containing 50 mM KF to
cates cellular energetic signals to ATP-sensitive potassium chan-produce sufficient amount of the -phosphate analog BeFx (BeF
3
nels. Proc. Natl. Acad. Sci. USA, 98, 7623–7628.and BeF2
4 ; Goldstein, 1964). In patch-clamp experiments, KF re-
Chabre, M. (1990). Aluminofluoride and beryllofluoride complexes:placed 50 mM KCl in “internal solution.”
new phosphate analogs in enzymology. Trends Biochem. Sci. 15,
6–10.
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